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SUMMARY p' 

I 

Theoretical values of performance parameters for liquid lithium and 
liquid fluorine as a rocket propellant were calculated with the assump-, _ 
tions "both of equilibrium composition and of frozen composition during r- y- 
the expansion process for a wide range of fuel-oxidant ratios, combus- 
tion pressures, and expansion ratios. The parameters included were 'r - 

specific impulse, comibustion-chamber temperature, nozzle-exit tempera- 
tiire, composition, mean molecular weight, characteristic velxjcity, coef- ? 
ficient of thirust, and ratio of nozzle-exit area to throat area. y 


For a chamiher pressure of 300 pounds per square inch absolute nnri 
an exit pressure of 1 atmosphere, the maximnim equilibriaam specific 
impulse value calculated was 335.5 pound-seconds per po\md at a wei^t 
percent of fuel in mixt\ire of 31.35. 



The effect of ionization on the calculated performance was shown to* 
be negligible by a comparison of valties of various parameters calcu- M 
lated both with and without ionized substances as produats of comibustio^. 




INTRODUCTION 

Liquid lithium and liquid fluorine are of interest as a rocket 
propellant because the thrust per lualt flow rate is the highest known 
except for some propellants having liquid hydrogen as a fuel. A com- 
pendium of information concerning lithium is given in reference 1 and 
information concerning fluorine is presented in reference 2. Availa- 
bility of raw materials for the production of lithium and fluorine as 
well as additional information concerning these substances is presented 
in reference 3. Values of specific impulse and combustion- chamber tem- 
perat-ure for the lithiuim-fluorine comibination for three fuel-oxidant 
ratios are presented in references 4 and 5. The values of reference 4 
appear to be too hl^. The difference between the values presented 
herein and those of reference 5 is primarily due to the selection of 
a lower value for the dissociation energy of Fg for the present 
report . 
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Further calculations were made at the NACA Lewis laboratory during 
1950 to determine -a larger number of performance parameters over a wider 
range of conditions than previously piAilished and to determine the 
effect of ionization on performance of lithium and fluorine as a 
rocket propellant; the results are presented herein. The data_, which _ 
were computed with the assxmptions both of equilibrium composition and 
of frozen composition during the expansion process,, cover a wide range 
of Biixture ratios and include values of specific impulse, combtistion- 
chamber temperature, nozzle-exit temperatinre, composition, mean molec- 
ular weight, characteristic velocity, coefficient of thrust, and ratio 
of nozzle-exit area to throat area as functions of mixture ratio. 

Values of specific Impvilse and temperature are also presented for two 
chamber pressures and several expansion ratios for the stoichiometric 
mixture. 

Because of the relatively low ionization potential of lithium 
(5.37 electron volts, reference 6), ionized lithium Li"^’, electron gas 
e", and the negative ion of fluorine F" may be formed as ccmibustion 
products of lithium and fluorine. The effect of ionization is shown by 
a comparison of values of various parameters calctilated both with and 
without ionized products of conibustlon. 



SYMBOLS 


Ae 

w 

Ae 

At 


The following symbols are used in this r^ort: 

nozzle -exit area per unit flow rate, (sq. ft/lb/sec) 
ratio of nozzle-exit area to throat area 


w 

a 

Cji 




throat area per unit flow rate, (sq. ft/lb/sec) 

velocity of soimd, (ft/sec) 

coefficient of thrust 

characteristic velocity, (ft/sec) 

acceleration due to gravity, 32.174 (ft/sec^) 

sum of sensible enthalpy and chemical energy of product i, 
(kcal/mole) 
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h 

I 

M 

Me 

Me 

Mfc 


Pe 

5’t 

Pc 

E 

Tc 

Tt 


enthalpy per unit weight, (kcal/gram) 

enthalpy per unit weight in combustion chamber, (kcal/gram) 
enthalpy per unit weight at nozzle exit, (kcal/gram) 
specific lngulse, (lb -sec/lb) 
mean molecular weight, (gram/mole) , 

mean molecular weight in combustion chamber, (gram/mole) 

mean molecular wei^t at nozzle exit, (gram/mole) 

mean molecular weight at nozzle throat, (gram/mole) 

total number of moles 

moles of product i 

pressure at nozzle exit, (atm) 

pressure at nozzle throat, (atm) 

pressure in combTistion chamber, (ib/sq. ft) j 

universal gas constaint, 1.98718 (cal/(mole) (°K) ) 
temperature in conhustion chamber, (°K) 
temperature at nozzle exit, (°K) 
ten^ierature at nozzle throat, (°K) 

ratio of average specific heat at constant pressure to average 
specific heat at constant volume (at throat) 


MEJTBDD OF CALCTULATIOK 

The equilibrium composition and the temperatiire in the combustion 
chamber and at the nozzle exit were computed by the method described in 
reference 7 using the thermodyosmic tables of reference 8. The calcula- 
tions were based on the follo^ng usual assuuptlons; perfect gas laws, 
adiabatic conibustion at constant pressure, Isentroplc expansion, no 
friction, homogeneous mixing, and one -dimensional flow. 
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C!OSPrnEBTIAEr 


The products of combustion were assumed to he gases and Included 
the following substances lithium fluoride LiE, fluorine F2) ionized 
lithium Li+, ionized fluorine F“, lithium Li, monatomic fluorine F, 
and electron gas e“. The liquid or solid phases of lithium and lithium 
fluoride were not included among the products of combustion inasmuch as 
they would not appear except in extremely fuel-rich mixtures or for very 
large expansion ratios. 

The formulas used to computin g the various parameters are as 
follows : 

Specific impulse. - Specific impulse was calcvilated from the dif- 
ference to enthalpy between the combustion chamber and the nozzle exit 
by the equation 


I = 294.98 - h^ 


( 1 ) 


where 




n M 


(kcal/gram) 


Throat area per unit flow rate, - For equilibrium composition 
during expansion, the throat area per unit flow rate was obtained from 
the continuity equation and becomes 


(— ) 

'^'equilibrium 


.1,3144(T^) 
Ft Mt a 


(2) 


The velocity of sound and the conditions at the nozzle throat for 
equilibrium composition during expansion were determined by the method 
described to reference 7. 


For frozen composition during expansion, the continuity and veloc- 
ity-of -sound equations yield 


^ 0,0045957 ^t 

W frozen 


(3) 


Characteristic velocity. - The equation for characteristic veloc- 
ity for a combustion pressure of 300 pounds per square inch absolute 
becomes ’ 


■=* = e Pc 


W 


3899 X 10*^ 





V 


(4) 
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Coefficient of thrust. - The coefficient of thriist was obtained 
from the defining equation 

Cp » » 32.174 ^ 


(5) 


Area ratios. - In order to calculate ratio of nozzle-exit area to 
throat area values of the nozzle-exit area per unit flow rate 

were first obtained from the following equation: 


_ 0.040853 Tg 

\W " M I 

e e 


( 6 ) 


THERMOCEEMECAL AND THERMODYHAMIC DATA 

Thermochemical and thermodynamic data for the products of combus- 
tion were taken from reference 8. The heats of formation contained in 
these data are listed in the following table: 



Heat of formation, 
(kcal/mole) 

Substance 

Phase 

0 

0 

298.16° K 

F • 

Gas 

17.8 


^2 

Gas 

0 

0 

e“ 

Gas 

0 

0 

F" 

Gas 

-78.5 


L1+. 

Gas 


161.4664 

Li ' 

Gas 


36.150 

LIF 

Gas 


-83.760 


The values .of specific heat in reference 8 were taken as ^ R for 

e", and Li”^ and were ccairputed from spectroscopic data by the 
accurate summation method for F and Li, and by rigid rotator -harmonic - 
oscillator approximation for F 2 and LiF. Values of sensible enthalpy 

Ht - Ho and entropy were numerically integrated from the 

specific-heat fui;ction. Inasmuch as spectroscopic data for LiF were 
not foimd in the literature, the thermodynamic functions for LiF given 
in reference 8 were computed from an estimated value for the vibrational 
frequency. It is expected that the anharmonlcities for LIF are suf- 
ficiently large to affect materially the computed values of the thermo- 
dynamic functions and could cause somewhat lower values of specific 
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in^iulse. The data presented herein are computed to more figures than 
are entirely significant^ hut are considered sufficiently accurate 
until better thermodynamic data become available. 

Physical and thermochemlcal properties of the propellants vere 
taJcen from references 1 and 8 to 14 and are given in table I. 

The value of 0.512 for the density of liquid lithium at 179° C was 
calculated from the value of 0.534 for the density of the solid at 
20° 0 (reference 9), the thermal coefficient of cubical expansion (ref- 
erence 10, p. 463), and the value of 1.5 percent for expansion on 
melting (reference 10, p. 474). 


THEOEETICAL PERFOEMAIICE 

The calculated values of the various performance parameters of the 
lithium-fluorine combination for a combustion-chamber pressure of 
300 pounds per square inch absolute and an exit pressure of 1 atmosphere 
are given in table II. The TnaximuTti values of frozen and equilibrium 
specific impulse occurred at 35,40 and 31.35 weight percent of fuel, 
respectively. Values of the various parameters corresponding to maxi- 
mum specific iBpulse are shown as follows: 



Frozen 

conposltion 

Equilibrium 

CQnposition 

Weight percent fuel 

35.40 

31.35 

Propellant density, (gram/cc) 

0.785 

0.812 

Combustion-chamber tenperature, (°K) 

4877 

5055 

Conbustion-chamber mean molecular wel^t 

18.32 

19.21 

Specific inpulse, (ib-sec/lb) 

308.8 

335.5 

Characteristic velocity, (ft/sec) 

7211 

7572 

Coefficient of thrust 

1.3779 

1.4257 

Ratio of nozzle-exit area to throat area 

2.998 

3.919 

Nozzle-exit temperature, (°K) 

2154 

3756 

Nozzle-exit mean molecular weight 

18.32 

21.42 


The parameters are plotted in figures 1 and 2 against welgpit per- 
cent of fuel in the mixture. The quantities plotted in figure 1 are 
cambuation-chamber temperature, nozzle-exit temperature, specific 
impulse, and mean molecular weight. The combustion-chamber temperature 
is high, reaching a maximum of 5139° K. The maximum difference between 
the curves of frozen and equilibrium specific impulse is approximately 
9 percent of the equilibrium value at about 25 percent by weight of 
fuel in mixture. 
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The quantities plotted in figure 2 are characteristic velocity, 
coefficient of thrust, and ratio of nozzle-exit area to throat area. 

The maximum difference between the curves for frozen and equilibrium 
composition was approximately 6.1 percent for characteristic velocity, 
3.5 percent for coefficient of thrust, and 25 percent for area ratio. 

The variation of coefficient of thrust and area ratio with fuel-oxidant 
ratio is many times greater for equilibrium cooDsposition than for frozen 
con 5 >osition. 

The conpositions of the products of combustion in the combustion 
chamber and at the nozzle-exit are shown in figures 3(a) and 3(b) , 
respectively. The ionized products of combustion comprise about 
3.2 percent of the total in the combustion chamber for the region near 
the stoichiometric mixture and about 1.2 percent of the total at the 
nozzle exit. 

The calculated values of various performance parameters for the 
stoichiometric mixture at combustion pressures of 300 and 900 pounds 
per square inch absolute for several ea^ansion ratios are listed in 
table III. For constant combustlon-chamiber pressure, the effect of 
expansion ratio on specific inpulse is shown in figure 4, where the data 
for a combustion-chamber pressure of 300 pounds per square inch absolute 
are plotted against expansion ratio. Increases of 36.2 and 22.7 percent 
in specific impulse for equilibriTma and frozen composition, respec- 
tively, resulted from increasing the expansion ratio from 20.41 to 1021. 
On the basis of data in reference 15, it is expected that the effect of 
expansion ratio on specific inpulse would be scamewhat less for other 
fuel-oxidant ratios. For constant expansion ratio, the effect of 
combustion-chamber pressure on specific impulse can be found from 
table m. For an expansion ratio of 20.41, Increases of 1.9 and 
2.7 percent on specific inpulse for equilibrium and frozen composition, 
respectively, resulted from increasing the combustion-chamber pressure 
from 300 to 900 pounds per square inch absolute. 


EFFECT OF lOHIZATIOK ON FERFQBMANCE 

In order to determine the effect of ionization on the performance 
parameters, a second set of calculations was made that omitted the 
ionized products and included only LIF, Fg^ Li, and F as products of 
ccmdbustion. The results of these calculations for a combustion-chamber 
pressure of 300 pounds per square inch absolute and an exit pressure of 
1 atmosphere are given in table H. The results for the stoichiometric 
mixture at combustion-chamber pressures of 300 and 900 pounds per 
square inch absolute for several expansion ratios are given in 
table m. 
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The effect of ionization on specific lurpnlse is shown in figures 5 
and 6. Curves of specific impulse calculated "both with and without 
ionized products of combustion for "both equilibrium and frozen composi- 
tion during expansion are shown plotted against weight percent of fuel 
in figure. 5 and against expansion ratio in figure 6. Curves of the 
difference in specific impulse between the values with and without 
ionized products of combustion are also shown. 

The difference between the two sets of values of specific impulse 
in figure 5 was less than 1.2 pound-seconds per pound assuming equilib- 
rium composition, and less than 2.0 pound-seconds per porond assuming 
frozen composition during esjpansion over the entire range of weight 
percent .of fuel. 

The difference between the two sets of values of specific impulse 
in figure 6 was less than 1.2 pound-seconds per pound assuming equilib- 
rium composition and less than 2.2 pound-seconds per pound assuming 
frozen composition during expansion over the range of expansion ratios 
from 1 to 1021. 

A ccmparison of the two sets of specific impulse values in table III 
for a comibustion-chaiiiber pressure of 900 pounds per square inch absolute 
shows a maximum reduction of 2.1 potind-seconds per potmd due to ioniza- 
tion. Because this value is of the same magnitude as the reduction in 
performance due to ionization at a conibustlon-chajriber presstire of 
300 pounds per square inch absolute, it is therefore concluded that the 
effect of ionization on performance is negligible for practical oper- 
ating conditions. 


SUMMARY OF RESULTS 

A theoretical investigation of the performance parameters of lith- 
ium and fluorine as a rocket propellant yielded the following results; 

1. For a comibust ion- chamber presstire of 300 pounds per square inch 
absolute and an exit pressure a£ 1 atmosphere, specific impulse based on 
equilibrium composition reached a maxi mum value of 335.5 pound-seconds 
per pound at a weight percent of fuel in mixture of 31.35 percent, 
whereas the max -t murn value of specific iimpulBe based on frozen coniposl- 
tion was 308.8 pound-seconds per second at a weight percent of fuel in 
miixture of 35.40 percent. 

2. The maximum combustion temperature fcxr a chamber pressure of 
300 pounds per square inch absolute was 5139'^ K. 


CONFUffiUT 
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3. An increase in expansion ratio from 20.41 to 1021 with, a chamber 
pressinre of 300 pounds per square inch absolute resulted in a 22.7 per- 
cent increase in equilibrium specific impulse for the stoichiometric 
mixtiire . 

4. At an expansion ratio of 20. 41^ an increase in chamber pressure 
from 300 to 900 pounds per square inch absolute resulted in a 1.9 percent 
Increase in equilibrium specific impulse for the stoichicmietric mixture. 

5. Although ionized products of combustion constituted up to 

3.2 percent of the total combustion products^ the maximum reduction in 
specific imptllse due to ionization was less than 2.2 pound-seconds per 
pound over a wide range of fuel-oxLdant ratios^ chamber pressures, and 
expansion ratios. It is therefore concluded that the effect of ioniza- 
tion on the performance of the lithium-fluorine propellant combination 
is negligible. 


Lewis Flight Propulsion Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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TABIE I - EED5SICAL -CHEMICAL EROEEKPIES OF FROPELLAHTS 
[leiirperatureB in BuperscrlptS; °c|] 

Propellants iMole- Density I Freez- I ^11- I Viscosity [Enthalpy of I Enthalpy of I Enthalpy of 


cular 

weight 

M 


log lug 

point point 


(gram/cc) (°C) 


ng formation vaporlza- fusion 

olnt AHf. tlon AH 

AH 

( C) (cent!- (kcal/mole) (kcal/mole) (kcal/mole) 
poises) 




• 

(liquid) 




( liquid) 


Lithium 

6.940 

^0.512^'^® 

^179 

®1326 


®2.305 ■ 

^32.365^^^® 


(Uqpild) 

Fluorine 38.000 ®1.14“^°° ^-217.96 ^-167.92 

Calculatea, from data of references 9 and K). 
Reference 11, 

‘Reference 12. 

Reference 1. 

Reference 8. 

^Reference 13. 

Reference 10. 

Reference 14. 




(liquid) 

®-3.030 ^1.51 


•^Q'^-^Yo>S72-^^7.96 
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4S.«* 

20.36 

2 A .1 K 

“26.75 

28.66 

31.55 

35.40 

39,00 

42.211 

47.731 


0.9o» 

4664 

.896 

5117 

.860 

'5197 

.845 

5394 

.831 

5174 

.812 

5114 

.785 

4939 

.762 

£612 

.743 

3963 

.712 

2423 





6780 

1.5776 

2.959 

7079 

1.3779 

2.992 

7210 

1.3779 

3.002 

7254 

1.5780 

3.001 

?1?5 

1-3772 

2«9€1 











7185 

1.4195 

3.762 

7495 

1.4254 

3.952 

7605 

1.4244 

3.900 

7631 

1.4057 

3,455 

7385 

1.S752 

3.054 








2140 

22.48 

5564 

23.65 

3904 

23.14 

5917 

22.70 

5888 

22.21 

3756 

21.42 

3044 

19.60 

2241 

17.80 

1698 

16.44 

95? 

14#54 

1 

2155 


5574 

23.69 

3923 

23.18 

3936 

22.73 

3906 

82.25 

3774 

21.46 

3030 

19.60 


17 

1695 

16.44 

957 

14.54 


oTXixojn cjwffiaa^? » 


i 

. M . 4 ’ j . k - I . 


9 z\z . 
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TABLE HI - CALCULATED PERFOEMANCE PARAMEJEEHS OF LITHIUM AND 


FLUORIHE AT VARIOUS PRESSURES FOR STOICHIOMETRIC RATIO 


Hozzle- 

exit 

pressure 

P 

e 

(atm) 

Esspansion 

Frozen conposition 

Equilibrium composition 

ratio 

Specific 

impulse 

I 

(lb -sec/ 
lb) 

Temperature 
at nozzle 
exit 

^e 

(°K) 

Specific 

impulse 

.1 

(lb-sec/ 

lb) 

Temperature 
at nozzle 
exit 
(°K) 

Mean 

molecular 
weight at 
nozzle 
exit 

Me 


Including ionized products of con±)Ustion 
, = 300 Ib/sq_ in. aUsolutej T^ = 5136° K; M^. = 20.16 

5 

4.083 

227.3 

3515 

237.5 

4504 

21.37 

1 

20.41 

301.4 

2252 

330.9 

3917 

22.70 

.2 

102.1 

340.4 

1434 

391.5 

3422 

23.93 

.02 

1021 

369.7 

740 

450.8 

2762 

25.40 

P 

Including ionized. products 
= 900 lU/sq. in. alsolutej T^, 

of comibustlon 
= 5484° K} Me = 20.52 

3 

20.41 

309.6 

2440 

337.2 

4093 

•23.09 

1 

61.24 

339.7 

1803 

381.0 ■ 

3701 

23.95 

Pc 

Excluding ionized products 
, = 300 lb/ sq in. absolute; Tj, 

of comfibustlon 
= 5194° K} Me = 20.17 

5 

4.083 

228.5 

3559 

238.5 

4539 

21.39 

1 

20.41 

303.2 

2280 

332.0 

5936 

22.73 

.2 

102.1 

342,4 

1452 

392.6 

3430 

23.97 

.02 

1021 

371.8 

750 

451.7 

2756 

25.42 

P( 

Excluding ionized products 
, = 900 Ib/sq in. absolute} T^. 

of ccfflibustion 
= 5550° K} Me = 20.54 

3 

20.41 

311.6 

'2475 

338.4 

4112 

23.13 

1 

61.24 

341.8 

1829 

382.1. 

5710 

23.99 





































Mean molecular weight Temperature 












Ratio of nozzle-exit area Characteristic velocity 

to throat area, Ag/A^ 
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1.44 ft 
o 


Fuel In mixture, percent by weight 
(a) Equilibrium composition. 

Figure 2. - Theoretical characteristic velocity, coeffi- 
cient of thrust, and area ratio of liquid lithium with 
liquid fluorine. Isentropic expansion from 300 pounds 
per square Inch absolute to 1 atmosphere. 
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Coefficient of thrust 


Characteristic velocity, c*, ft/sec 
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Figure 2. - Concluded. Theoretical characteristic veloc- 
ity, coefficient of thrust, and area ratio of liquid 
lithium with liquid fluorine. Isentroplc expansion 
from 300 pounds per square inch absolute to 1 atmosphere. 



Coefficient of 
thmist, Cp 



fraction 
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Fuel In mixture, percent by weight 

(a) Combuatlon-ohamber conditions. Combustion pressure, 

300 pounds per square inch absolute. 

Figure 3. - Composition of products of reaction of liquid lithium with 

liquid fluorine. 
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Mole fraction 
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(b) Nozzle-exit conditions. Combustion pressure, 300 pounds per square 
Inch absolute; Isentroplc expainslon to 1 atmosphere assuming equi- 
librium composition. 


Figure 3. - Concluded. Composition of products of reaction of liquid 
lithium with liquid fluorine. 
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1 2 4 6 8 10 20 40 60 100 200 400 600 1000 2000 

Expansion ratio 

Figure 4. - TJheoretlcal performance of liquid lithium vflth 
liquid fluorine for stoichiometric mixture at various expan- 
sion ratios assuming equilibrium and frozen composition. 

Combustion pressure, 300 pounds per square Inch absolute. 





Reduction In specific Impulse due to 
ionization, AI, Ib-sec/lb 
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With ionization 
Without ionization ■ 
Reduction in 
specific Impulse 
due to ionization 


Specific Impulse, I, Ib-sec/lb 
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Figure 6. - Comparison of theoretical specific Impulse 
for stoichiometric mixture at various expansion ratios 
calculated with and without Ionized products of comhus- f 

tlon. Isentroplc expansion assuming equilibrium and 
frozen composition. Combustion pressure, 300 pounds 
per square Inch absolute . 
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Reduction In specific impulse 
due to Ionization, AI, Ib-sec/lb 




